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MERCURY AS A HEAT PIPE FLUID

by

J. E. Deverall

i

ABSTRACT

Two heat pipes were tested to determine the feasibilityof using
mercury as a heat-pipe fluid: one pipe was life-testedfor 10,CX3Oh at
330°C to study the wetting characteristicsof mercury in a stainless-steel
structure;and the other was built and operated to determine the heat-
transfer capabilityof a mercury system and to compare its operational
limitationswith theoreticalvalues.

‘Thelife test indicatesthat good wetting of wick structures can
be attained and that long-term operation is possible without excessive
corrosion. The heat-transfertest demonstratedthat mercury behaves as
a normal heat-pipe fluid with regard to its operational limitationsand
startuP dynamics. Constructionof mercury heat pipes for high heat-
transfer rates appears to be feasible for operationbetween 200” and 400”C.

INTRODUCTION

The heat pipe is a high thermal-conductance

device which transfers heat by two-phase fluid cir-
1culation. The operating temperaturerange of a

heat pipe is determinedby the type of working

fluid used; with the appropriatechoice of fluid,

heat pipes can be constructedto operate from below

0° to 2000”C.2 However, there is one section of

this range, from 200° to 400° C, for which some dif-

ficulty exists in obtaining a suitable fluid. The

temperatures in this range are too high for water

because the vapor pressure is excessiveand presents

containmentproblems, and they are too low for al-

kali metals because the vapor pressure is insuffi-

cient to sustain operation. A survey indicates

that the properties of organic fluids are not suit-

able as working fluids except for low heat-transfer

rates, e.g., thermal control, or for special heat-
3pipe applications. The fluid which appears to have

the greatest potential as a working inediumfor this

temperaturerange is mercury. It is, however, quite

corrosive and poses some difficulty in obtaining

good wetting of the wick structure,which is essen-

tial for heat-pipe operation.

A heat pipe was constructedwith mercury as

the working fluid and life-testedfor 10,000 h at

330”C to study the wetting characteristicsaf ner-

cury in a stainless-steelstructure. Another mer-

cury heat pipe was built and operated to determine

the heat-transfercapability of a mercury system

and to compare its operational limitations (e.g.,

wicking limit, sonic limit, a:d entrainment limit)

with theoretical limitations. Mercury has suit-

able properties for use as a heat-pipe fluid and,

if good wetting is obtained, can be used for high

heat-transferrates. In these tests, wetting was

obtained by the additions of magnesiun and titanium

to the mercury. Magnesium is an oxygen getter which

cleans the surface, promoting wetting, and the ti-

tanium acts as an inhibitorwhich reduces corrosion.

An extensive study of corrosion or mass-

transfer effects was not planned in these tests.

Readily available materials and not necessarily the

most corrosion-resistant ones were used. However,

the life-testheat pipe was sectioned and careful~f

examined to determine corrosion effects.

1



LIFE TEST

Heat-Pipe Construction

The heat pipe was a 12-in.-longby 3/k-in.-

o.d. Type-347 stainless-steeltube with a 0.035-in.-

thick wall, which contained a MO-mesh Type-@l

stainless-steelscreen tick structure. The screen,

rolled into a cylinder of three layers, was inserted

into the heat pipe and pressed against the wall by

forcing a steel bell through the assembly. Closure

of the pipe was made by welding an end cap into

each end. A I.&in.-o.d. tube, welded into one end

cap, provided a means for loading the working fluid

into the pipe and sealing it under vacuum. Before

assembly, all parts of the pipe were outgassed at

1000°C in a vacuum furnace.

Heat was supplied by a l/8-in.-o.d.Calrod

heater which was wound around the evaporator zone

over a len~th of 2-1/4 in. Temperatureswere meas-

ured by chromel-alumelthermocouplesspot-welded

along the length of the pipe as shown in Fig. 1.

After the heat pipe was assembled and leak-

tested, it was loaded with 122 g of clean mercury

injected into the pipe through the fill tube by a

hypodermic. A magnesium wire weighing 0.010 g and

a titanium wire weighing 0.005 g were then dropped

into the pipe through the fill tube to promote wet-

ting and to inhibit corrosion. The pipe was sub-

sequently connected to a vacuum system and evacuated

overnight to remove the noncondensablegases. The

pipe was sealed, while still connected to the vacuum

system, by flatteninga section of the fill tube

and burning it off with a Heliarc torch.

Before the Cal-rodheater snd the thermocouples

were attached, the pipe was wrapped with a tape

heater over its full length and heated to 400”C for

two days to wet in. During this period the pipe

was tipped back and forth and rotated frequently to

wet all parts of the inner surfaces. Radiographs

taken after this wetting-in operation indicated that

only partial wetting had been obtained. The pipe

was thereforeheated for another two days, at 500”C,

which resulted in complete wetting as shown by

radiographs. The radiographs also showed that the

surfaces, once wet, would rewet by raising one end

of the pipe well above the wicking-limitheight,

allowing the mercury to drain out of the wick

structure at that end. When the opposite end of

the pipe was elwated, the drained section would

readily rewet. Further evidence that good wetting

had been achieved was demonstratedby operating the

heat pipe and performing a wicking-heighttest. In

this test, the evaporator end of the pipe is gradu-

. ally elevated until the vertical height to which

the wick structure can raise the liquid is exceeded.

When this occurs, the wick in the evaporator dries

out and the temperature rises rapidly, as indicated

by a thermocoupleat the end of the pipe. The meas-

ured ticking height was in close agreement with the

calculatedvalue, based upon screen pore size,

s

.

3“OOD.-035-WALL
T

Fig. 1. Life-test heat pipe.
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indicatingthat good wetting had been obtained and

that the magnesium and titanium addition did not

lower the surface tension of the mercury to any ap-

preciable extent.

Heat-Pipe Operation

The heat pipe was placed in a well-ventilated

hood (as a safety precaution in the event of leak-

age) and was operated in a horizonts.1.position for

10,000 h at 330”C with a heater input of-100 W.

At the start of the test, pipe operation was essen-

tially isothermal.over the entire length. Tempera-

ture measurementswere taken at frequent iutervels

during the test to determine if any changes in op-

erational characteristicsoccurred as indicatedby

the development of axial temperature gradients.

Wicking-heighttests were also performed periodi-

cally to ascertain whether there was any change in

wetting conditions.

Postmortem Investigation

At the conclusion of the test, heat-pipe

operationwas still essentitiy isothermal. A final.

wicking-heighttest was made, and the heater and the

thermocoupleswere then removed from the pipe.

Radiographswere taken in both the horizontal.and

the vertical position to study the wetting condi-

tions before the mercury was removed from the pipe.

This was done by cutting off the fill tube and al-

lowing the mercury to drain out. The mercury that

had been trapped in the wick structure and had been

retained on the wetted surfaces was removed by

vacuum distillationat kOO°C. The pipe was sec-

tioned, and various parts were mounted and polished

for photomicrographsand for microprobe examina-

tions. Some sections of the tube and screen, along

with the mercury which had been drained out, were

analyzed spectrochemically. There was a small sec-

tion of the screen in the evaporator zone on which

a deposit of material had collected. Part of this

deposit was examined photomicrographically,and the

rest was analyzed spectrochemically.

Results

When the heat pipe was sectioned,the wick

structure and the tube wall appeared to be in good

condition. However, microscopic examination and

chemical analysis showed that some corrosion and

mass transfer had occurred. As shown in Fig. 2,

practically all the screen wires were covered with

a coating which appeared quite uniform throughout

the structure and had an average thickness of 0.25

roils. Samples from the evaporator and condenser

ends were quite similar. This coating also appeared

on the tube wall and averaged about 0.6 roils.

SpectrochemicsJ.and microprobe analyses of the coat-

ing on the wires revealed it to be an iron-nickel-

chromium alloy similar to the original Type-30~

stainless steel except that the manganese and chro-

mium concentrationswere lower and that the coating

contained 10 to 100 ppm titanium. The coating on

the tube wall was predominantly iron with less

chromium and nickel than in the original Type-3k7

stainless steel. The coatings were very tenacious

and appeared to form a protective layer due to the

presence of titanium, which acted as an inhibitor.

The wires were reduced in diameter by-O.7 roils.

Changes in tube-wall thickness were negligible.

The major corrosion effect occurred at the crossover

points of the screen wires and was evidently a

stress corrosion resulting from the compression of

the screen against the tube wall when the ball was

forced through the structure. Where the wires

crossed, large pressures were exerted on the metal

causing permanent strain and sites for stress cor-

rosion. A typical example of this corrosion is

shown in Fig. 3. No other appreciable sign of cor-

rosion was detected on the wires except at these

points. Neither was there any evidence of this

type of corrosion in the container-wd-l.material.

Fig. 2. Coatings on screen wires and tube wall.
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Fig. 3. Stress corrosion at wire intersections.

Radiographstaken after the test showed an ac-

cumulation of material had formed in a small sec-

tion of the evaporator,on the inner layer of the

wick cylinder. This accumulationwas about l-in.

long by l/&in. wide and l/16-in. deep, and was

well bonded to the screen. It had a crystalline

structure,was quite porous, and did not penetrate

into the other two layers of the screen to any ap-

preciable extent, as shown in Fig. 4. Chmics.1 and

microprobe analyaes showed that the deposit was a

mixture of nickel, chromium,manganese, and iron,

with traces of magnesium, mercury, and molybdenum.

The mixture consistedprimarily of nickel, was high

in manganese, low in iron and chromium content, and

Fig. k. Deposit in evaporator.

had a distribution of elements completely different

from that of the original stainless steels. The

presence of titanium was not detectable. This de-

posit indicated that some mass transfer had taken

place. Each of the constituentsapparently had some

volubility in mercury and was carried to the evapo-

rator section where it was deposited when the mer-

curywas vaporized. Both size andporoslty of the

deposit appeared to be such that heat-pipe operation

wotid not be affected.

When the mercury was drained out of the heat

pipe, it was accompaniedby a small amount of loese,

black material. Chemical analysis indicated that

this material was primarily magnesium and mercury,

with traces of iron and nickel. The magnesium was

probably either in the form of MgO from the getter-

ing process or was pure excess magnesium which did

not combine. The mercury appeared to be trappcxlin

the voids of the magnesium structure. A small

amount of this black material will form when addi-

tives we used to promote wetting but it s~ould not

affect heat-pipe operation. Chemical.analysis of

the mercury which was drained out of the pipe showed

that it was identical to the original mercury used

for loading, with no additionalmagnesium or tita-

nium in solution.

HEAT-TRANSFERCAPABILITY TEST

Heat-Pipe Construction

This heat pipe was a Type-347 stainless-steel

tube with a length of 19-5/8 in., am o.d. of 0.600

in., and an id. of 0.495 in. The wick structure

consisted of three layers of 100-mesh, Type-30b

stainless-steelscreen pressed against the well by

forcing a steel ball through the pipe. Closure of

the heat pipe was made by welding end caps into each

end, with a l/4-in.-o.d.tube in one cap which was

connected to a bellows valve for loading end sealing

the pipe. All parts were outgassed at 1000”C before

assanbly.

Heat was supplied by a helical Nichrome wire

end-osed in insdator beads and wound around the

evaporator over a length of 7 in. fiis winding was

surroundedby a 2-in.-diam tube, filled with insula-

tion, and sealed at the ends with Alundum cement.

Three thermocoupleswere attached to the heater

winding to monitor heater temperature, and seven

b

,
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thermocoupleswere spot-weldedalong the length of

the pipe as shown in Fig. 5 to indicate heat-pipe

temperatures. Heat was rejected to a water-cooled

gas-gap calorimeterfitted with a AT meter across

the inlet and outlet connectionsto provide heat-

balance measurements. The gas gap was fitted with

a fine capillarytube so that helium could be fed

into the gap to replace the air, increasingthe

thermal conductivityand increasingthe heat re-

jection rate by a factor of four.

After the heat pipe was assanbled, it was

loaded with 177 g of mercury with mWesi~ ad

titanium additions,was evacuated,and finally seal-

ed by closing the valve. The assembly was then dis-

connected from the vacuum system,sndthe pipe was

wet-in at 500”c for two days using a tape heater

wrapped around the fill length of the pipe. Radio-

graphs were taken,and a ticking-heighttest was

performed with a temporary heater to ensure adequate

wetting had occurred. The pipe was then fitted with

the heater, thermocouples,and calorimeter,and was

placed in a metal box filled with vermiculite in-

sulation. After the wetting-in process, it was

noted that there was still some noncondensablegas

in the pipe. This was not removed until after the

first three runs were made to determine the effect

of the gas on heat-pipe operation. As a safety pre-

caution, the heat pipe was operated in a well-

ventilated hood.

COOLING

Test Frocedure

The heat-transfertest of this pipe consisted

of six runs under different operating conditions to

demonstratethe major limitationsand heat-transfer

capability of a heat pipe with mercury as the work-

ing fluid.

Run 1 --

Run 2 --

Run 3 --

Run h --

Run 5 --

Run 6 --

Heater end elevated.
Air in calorimetergap.
Noncondensablegas in pipe.

Heater end elevated.
Helium in calorimetergap.
I?oncondensablegas in >ipe.

Condenser end elevated.
Helium in calorimetergap.
Noncondensablegas in pipe.

Condenser end elevated.
Helium in calorimetergap.
Pipe vented--noncondensable

Condenser end elevated.
Air in calorimeter gap.
Noncondensablegas removed.

Heater end elevated.

gas removed.

Noncondensablegas removed.
Calorimeter removed.
Heat rejection by natural convection.
Constant power -- 300 W.

For Runs 1 through 5, the pipe was placed im

the proper position, witn air or helium in the calo-

rimeter gap, and the cooling water flow rate ad-

justed. The heater was then turned on and the pipe

gradually heated to various temperature levels until

the maximum temperature-s reached. At each level,

temperature equilibriumwas establishedbefore

E Illr
&wy BELLOWS

d VALV
VERMICUL T

CALORIMETER
u

CAPILLARY
liEATERq INSULATION

/ \ >H 7T\

*I “

~lj__7,-–4::y—7J-y~

Fig. 5. Heat-transfer-capabilityheat pipe.
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taking readings and proceeding to the next level.

Temperatureswere measured and recorded on a 16-

point recorder, and temperaturedifferencesof the

AT meter across the calorimeterinlet and outlet

connectionswere measured in millivoltsby a poten-

tiometer. The flow rate of water was determinedby

timing with a stopwatch the filling of a container

of known volume. The electricalinput to the heater

was taken as the product of voltage and current, as

!neasuredby meters. Heat-transferrates for the

pipe, however, were taken as the values calculated

fran the calorimeterdata which were considered

more accurate than the power-inputmeasurements.

When measurementswere completed at the highest tem-

perature level, the power was shut off and the pipe

was allowed to cool to room temperature. The next

set of operating conditionswas then established

and the test procedure repeated. A plot of temper-

ature versus heat-pipe length, at various heat

transfer rates, was made for each run to show start-

up and operating characteristics.

For Run 63 the calorimeterwas removed so

that a low heat-rejectionrate would be obtained by

natural convection cooling. Three thermocouples

were added,and the thermocouplespacing was rear-

ranged to provide a more accurate picture of the

temperatureprofiles. Liquid return to the evapo-

rator was by capillary action as the heater end was

elevated 1-1/2 in. With the pipe at room tempera-

ture, a constant power input was applied to the
?---..— -_-l .LL- 4..-..-.4------ . . . . . . . ..-..._..AaA A,,..4mcT

Results

Run 1

The wicking limit was

by elevating the heater end

51 HtATER

Ill

I““’-SIr in c.lofimatw tat.

n.cwidmnsablo ●m

JLFl@

demonstratedin this run

so that liquid return

t
1

IN

Fig. 6. Heat-transfertest, Run 1.

rejection rate also resulted in a fairly high opera-

ting temperature level for a given heat-transfer

rate. There was an appreciable temperature drop

over a small section of the pipe at the condenser

end due to a pocket of noncondensablegas. The

pocket was compressed to a smaller volume at higher

temperatures,which resulted in a decrease of this

temperature drop.

to the evaporatorwas by capillary action of the

wick structure. When the heat-transferrate ex-

ceeded 700 W, the wick structure was not capable of

supplying sufficient liquid to the evaporatordue

to inadequate capillaryPUmPiW force~and the pipe

became wick-limited. The wick structurebegan to

dry out and overheat as indicatedby Thermocouple1

(Fig. 6). After startup, the temperaturebecme

essentially isothermalover the length of the pipe

because the heat-rejectionrate to the calorimeter

was relatively low with air in the gap. This low

6

Run 2

This run was also made with the heater end

elevated and demonstratedthe wicking limit as shown

in Fig. 7. The ltiit occurred at approximatelythe

same heat-transferrate as in ~ 1, but the oper-

ating temperature level was lower because the heat-

rejectlon rate in Run 2 was much higher with helium

in the calorimetergap. This high rejection rate

also resulted in an appreciable temperature grsdi-

ent along the calorimeter section. This temperature

gradient increasedbecause the vapor flow decreased

when the wicking limit was exceeded. Although the

evaporator temperature increased,the amount of

vapor formed was less because of the drying out of

the wick structure. The temperature drop at the

end of the pipe was still.present due to the pocket

of noncondensablegas.

b
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Fig. 7. Heat-transfertest, Run .2.

Run3

To eliminate the wicking limitationand to

investigateother limitationsassociatedwith the

vapor passage, the pipe was operated with the con-

denser end elevated. Elevating the end provided a

gravity return for the “liquid,and pipe operation

consequentlydid not depend upon the capillary

PWing force of the wick structure. This pe~it-

ted the study of limitationsresulting from the

dynamics of vapor flow. The calorimeterwas filled

with helium to provide the maximum heat-rejection

rate, and the pipe operated to the maximum output

of the power supply. ?ioheat-pipe limitationwas

observed up to a heat-transferrate of 106o W,and

the pipe operated isothermallywithin 5°c over its

length except for a short section at the end due to

the noncondensablegas pocket (Fig. 8). At the

highest power level there was evidence of a slight

temperaturerecovery to within 2°C of the evaporator

temperature.

Run 4

The presence of noncondensablegases in a

heat pipe not only affects the temperaturegradient

along the pipe, it can also have considerablein-

fluence upon the start-up dynamics. To study other

limitationswith mercury as a working fluid, the

I
I

Fig. 8. Feat-transfertest, Run 3.

pipe was reevaluated to remove the noncondensable

gases present. In this run, the condenser end was

elevated to eliminate the wiclcinglimitation and

helium was injected into the calorimetergap to pro-

vide maximum heat rejection. As shown in Fi&. ~,

it was not possible to raise the temperature of the

condenser section of the pipe by increasing the

power input. The high heat-rejectionrate resulted

in low evaporator exit temperatureswith corres-

pondingly low vapor density and, consequently,sonic

.{aporvelocities. This is the sonic limit of a

heat pipe which results in choked vapor flow and

limited heat transfer to the condenser section. In

this run, the high velocities eventually swept liq-

uid out of the evaporatorwick structure,causing it

to dry out and overheat. This sweeping of liquid

out of the wiclcis the entrainmentlimit and is a

function of the ratio of inertial vapor forces and

liquid-surfacetension forces known as the Weber

number Ovk
, ~, where O is the vapor density, V the

vapor velocity, 1.a characteristiclength dependent

upon the wick structure, and 5 the liquid surface

tension. When this ratio becomes greater than one,

the inertial forces predominate and liquid droplets

are swept out of the wick structure. It is often

possible to hear the droplets impinge on the con-

denser end when this limit occurs. Under these

7
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Fig. 9. Heat-transfertest, Run k.

conditions,the heat pipe will not start up. ‘l’his

did not occur when the noncondensablegas was present

because the gas tended to retard the vapor flow and,

in effect, shortenedthe length of the condenser

section. This reduced the heat-rejectionrate,en-

abli~ the pipe to move out of the sonic flow regime

end gradually cane up to temperature.

Run 5

Another run was made under the same conditions

as Run k except that the heat-rejectionrate was re-

duced by having air in the calorimetergap. With

air in the gap, the pipe would start up even thou@

it was initially operating in the sonic regime as

shown in Fig. 10. The heat-rejectionrate in this

case was low enough for the evaporator exit to gred-

ually heat up, enabling the pipe to move through the

sonic-limitregime and come up to temperature. No

operating Mnit was reached,and almost complete tein-

perature recovery was obtained at the condenser end.

The pipe could have been operated at much higher

heat-transfer rates once it was up to temperature

by gradually increasingthe power input and sub-

stitutinghelium in the calorimetergap.

$ }
.
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Fig. 10. ffea%-transfertest, Run 5.

Run 6

In this run, a transient-statestartup was

made to observe the temperaturerecovery in a

mercury heat pipe during startup froIoroom temper-

ature at a constant power input of 300 W to the

evaporator. The temperaturegradients, as a func-

tion of time, are shown in Fig. .U. Although the

vapor velocity was supersonic and choked vapor

flow exSsted at the beginning of the startup, the

pipe passed through this regime and reached an

isothermeJ.operating level. This occurred because

the heat-rejectionrate was very low and, even with

“chokedflow, sufficient vapor reached the end of

the pipe to start temperature recovery at a rela-

tively low temperature. Under these conditions the

pipe was able to rise in temperature,with an in-

crease in vapor density and a subsequentdecrease

in vapor velocity, before entrainment could cause

failure. At this power input and heat-rejection

rate, no operational limitationswere encountered.
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Fig. u. Heat-transfertest, Run 6.

DISCUSSION

Life Test

The results of the life test indicatedthat,at

the temperature and heat-transferconditionsunder

which the pipe operated, no catastrophiccorrosion

occurred in 10,000 h. Based upon the most corro-

sive effect, which occurred at the intersectionof

screen wires, and assuming that this corrosionwas

continuous and of a uniform rate, a life expectancy

of at least four years m.q~ be anticipated. If most

of the stress corrosion occurred at the beginning

of the test and then diminished as the stress points

disappeared,the life expectancywould be even

longer.

The materials used for constructionof the

heat pipe were not necessarilythe most corrosion-

resistant to mercury. Several low-carbon steels

and ferrous metals, tested in dynamic mercury loops,

have been reported to be more corrosion-resistant

to mercury than Type 304 or 347 stainless steels.

It would also be better to use one type of material

for both the container and the wick structureto

eliminate any electrolyticeffect. Regardlessof

which materials are used, however, the wick struc-

ture should be annealed after assembly to stress-

relieve any areas that were compressed during fabri-

cation. This should reduce the possibility of stress

corrosion such as that encountered in this test.

The mass transfer which occurred in this test

did not appear to have any noticeable effect upon

heat-pipe operation and did not reduce the wick

structure to any appreciable extent. The heat-

transfer rate, however, was only 100 W; at higher

rates, mass transfer may become a factor. It iS

possible that once the coating is formed by the ti-

tanium reaction, this mass transfer would be reduced

or become negligible. In any event, more testing of

mass-transfer effects should be made with different

materials, at different temperatures,and with much

hifier heat-transferrates.

The wetting attained in this type of wick

structurewas excellentby using magnesium and tita-

nium additions. This method has been used for many

years in mercury boiler systems and has been quite

successilil.In heat pipes, however, the problem is

much more difficult because of the wick structure.

Wetting must penetrate into all the pores to have

an effective capillarypumping force. In this test,

the pipe had to be heated to 500”c for complete

wetting because at bOO°C only partial wetting was

obtained. The high surface tension of nercury

makes the penetration into small pores difficult

and, for very fine pore structures,it may be neces-

sary to use a combinationof temperature ad pres-

sure to obtain wetting,as discussed in the heat-

transfer capability section below.

Based upon the results of this single life

test, it appears that mercury is a suitable heat-

pipe fluid from the standpointof wettabilitjrand

corrosion. The system used in the test could be

applied to many heat-transferproblems,and,with

further developmentwork, it should be possible to

build pipes for very high heat-transfer rates.

Merctqf has a very high surface tension which can

produce large capillarypwnpine forces,and, although

this is somewhat offset by its high density in a

gravity field, it should be an excellent wcn?king

fluid for space applications.
5,6

Heat-TransferCapability Test

The results of this test indicate that mer-

cury behaves as a typical heat-pipe fluid if good
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wetting of the wick structure is obtained. The wick

structure used in this test, consistingof three

layers of 100-xneshscreen, was readily wet by the

mercury at 5CO”C when magnesium and titanium addi-

tions were used. The ticking-heighttest of this

pipe showed that good wetting had been achieved be-

cause the capillary forces were capable of wicking

the mercury to a vertical height of 6 in. l%is is

about 5C$ higher than the value calculatedon the

basis of screen-poresize, which indicatesthat

there was a considwable amount of compressionemd

intermeshingof the screen when the steel ba.1.lwas

forced through the structure. This resulted in a

much smaller effective-poresize and, consequently,

in a higher capillarypumping force. For this type

of wick structure,however, the compressionalso

increasedthe liquid-flowresistance and resulted

in a ticking limit of 700 W.

A second heat-transfercapabilitypipe with a

compositewick, consistingof a fine capillary cyl-

inder forming an annular liquid-flowpath, could

not be wet-in dust by additives..The capillary

structure in this case consisted of eight layers of

400-mesh screen wrapped on a copper mandrel, in-

serted into en outer copper tube, and drawn down

through a die. The copper was then etched away

with nitric acfd leaving the fine-pore cylinder.

This gave a highly compressed structurewith a pore

size of-20p. Several attempts were made to wet-

in this structure,but radiographs showed that only

partial wetting was obtained because the high sur-

face tension of the mercury prevented its penetra-

tion into the structure;the pipe therefore could

not be used for heat-transfertests. Some other

method must be devised to wet-in wick structures

with very small pores for use in pipes with high

heat-transferrates. One method that has been em-

ployed to achieve wetting of surfaces by mercury

without the use of additives is copper plating.

The surfaces are well deoxidizedby the plating

process and kept in this conditionby the copper

coating. When in contact with mercury, the copper

is dissolved and the mercury is able to wet the

clean surface underneath. It is doubtful, however,

if this method would be any tiprovementover the

use of additives because of the difficulty in plat-

ing the inner surfaces of the wick structure. One

possible solutionmaybe to fill the heat pipe com-

pletely with liquid mercwy and to apply a high

pressure to the pipe at 500”c to force the liquid

into the fine pore structure. The excess mercury

could then be drained ou~leating only the amount

required to saturatethe wick structure.

The need for a composite wick structure in

high-heat-transferapplicationswas demonstrated in

Flus 1, 2, and 4. Limitationsof ticking and en-

trainment can be overcome to a great extent by the

use of the compositetick. It produces a high cap-

illary pumping force and a low-resistanceflow path

which minimizes the wicklng limitation. The small-

pore capillary also greatly reduces the possibility

of entrainmentfailure because the k term of the

Weber Number is much smaKLer and reduces the ratio

of inertial-to-surfacetension forces below unity

at sonic velocities. If these two limitationsare

effectivelyreduced, the m=imum heat-transferrate

is then controld.edprimarily by the sonic limit, at

least in the lower section of the operating temper-

ature range. As shown in Table I, high heat-transfer

rates can be obtained up to this limit. The sonic

limit is the maximum axial heat-transferrate that

can be attained at a given evaporatortemperature

because of choked vapor flow, end is independentof

the heat-rejectionrate. The other major opera-

tional limit of heat pipes that can be a factor is

boiling in the wick at the heat-input section, but

this is seldom encounteredin liquid-metalheat

pipes.

The start-up dynamics of this mercury heat

pipe were in accordancewith predicted theory for

the various operating conditions.7 The presence of

a noncondensablegas in the pipe aided in startup

as demonstratedin Runs 1, 2, and 3. The gas auto-

matically controlledthe heat-rejectionexea so that

the pipe could cane up to temperature before the

entrainmentfailure-modeoccurred. The same effect

was achieved, when the gas was not present, by re-

ducing the heat-rejectionrate. In Run 5 this was

done by having air in the calorimetergap, end in

Run 6 by using only convective cooling. The tran-

sient state startup in ~ 6 gave a good example of

the temperature recovery which occurs In heat pipes.

The properties of mercury (e.g., vapor pres-

sure, surface tension, vapor density, viscosity,

and latent heat of vaporization)make it a suitable

fluid for use in heat pipes operating above 200”c

{
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TABLE I. Sonic Limit for Mercury

Axial.
‘1>

Vapor T2,* AT

Evap.
Pressure

Evap. Along
Max. Axial

~ntrance, at ‘l> map , Heat Transfer,Exit, .
“c ~Hs “c “c l@m2

150 3.3 117 23 54

160 4.8 136 24 79

170 6.$? 145 25 113

180 9.8 153 27 158

lgo 13.7 162 28 219

200 18.9 171 29 298

210 25.8 18o 30 402

220 34.7 188 32 534

230 46.0 197 33 702

240 60.5 206 34 913

250 78.7 215 35 LL74

260 101.4 223 37 1497

270 129.4 232 38 1891

280 163.5 241 39 2368

@ 205.0 249 41 2941

300 255.0 258 42 3625

310 315.0 267 43 4435

320 386.0 275 45 5388

330 471.0 283 47 6503

340 567.0 292 48 7799

350 684.0 300 PO 92?9

360 818.0 309 51 uo23

370 972.0 318 52 12996

380 1152.0 327 53 15244

350 1352.O 334 56 17792

400 1585.0 342 58 20668

‘Staticvapor pressure at evaporator exit.

‘1 where:
. —,

‘2 l+$k M = Mach No. = 1 at sonic flow; and

k = ratio of specific heats = 1.667.
‘1

‘2=-

‘2
= Saturation temperature correspondingto the

static vapor pressure P .2

as shown in Fig. 12. Its operationcdcharacteris-

tics as a workin& fluid compare favorablywith those

of other liquid metals. Although there are still

some problems to be solved with regard to the

wetti~-in of fine-pore wick structures,the mer-

cury heat pipe has excellentheat-transfercapabil-

ity and appears to be the n.ostpromising system for

the temperature range from 200° to bOO”C.

Fig. 12. Properties of mercwf.
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